A first-principles approach is demonstrated to calculate the relationship between aqueous semiconductor interface structure and energy level alignment. The physical interface structure is sampled using density functional theory based molecular dynamics, yielding the interface electrostatic dipole. The GW approach is used to place the electronic band edge energies of the semiconductor relative to the occupied 1b 1 energy level in water. Application to the specific cases of non-polar (1010) facets of GaN and ZnO reveals a significant role for the structural motifs at the interface, including the degree of interface water dissociation and the dynamical fluctuations in the interface Zn-O and O-H bond orientations. These effects contribute up to 0.5 eV.
The alignment of electronic energy levels at a heterointerface between two materials represents both a fundamental materials interface characteristic and a crucial property that controls electronic device functionality in such diverse areas as semiconductor electronics, batteries and electrochemical cells. In the case of semiconductor interfaces, the energy level alignment is encapsulated in the valence band edge energy offset, and a hierarchy of theoretical approaches to calculate it have been established [1] . However, the corresponding energy level alignment at solid-electrolyte interfaces poses a substantially more complex problem. In particular, development of a constructive, first-principles theory for the alignment of semiconductor band-edge potentials to electrochemical potentials still presents fundamental challenges [2] .
As a significant example, the relative alignment of the semiconductor band edge and the corresponding redox level in the solvent for a target reaction determines thermodynamically whether photoexcited carriers in the semiconductor can drive the reaction and with what range of overpotential. This is of fundamental importance in the design of electrochemical devices for solar energy harvesting [3, 4] . In particular, it is an unavoidable constraint in the search for materials that can serve both as efficient absorbers of the solar spectrum and to supply electrons and holes with sufficient energy to drive relevant reactions, e.g., the hydrogen evolution reaction or the water oxidation reaction.
In practical electrochemical measurements, the interface presents a complex system: a doped semiconductor, an aqueous interface of generally unknown atomic structure that may well participate in acid-base reactions and the water with dissolved ions and a particular pH. Through control of the applied bias and the pH, conditions corresponding to both flat bands in the semiconductor and zero zeta potential in the water can be achieved. The latter refers to the condition of zero net interface charge due to acid-base activity at the interface (adsorption of H + and OH − ) [2] . Under these conditions, the interface specific alignment of the semiconductor band edges to the scale of redox levels in water can be measured. In turn, this alignment determines semiconductor band bending and water double-layer formation under general conditions of doping, ion concentration, bias and pH.
In order to circumvent the complexity of these interfaces and seek trends across semiconductors, a simplified picture is appealing [5] . Imagine opening up the interface so that one can characterize a reference semiconductor surface and a water surface separately (Fig. 1a) . On the water side, the position of the highest occupied states of bulk water (1b 1 ) are known from photoemission measurements [6] . The H + /( 1 /2)H 2 redox level defines the standard hydrogen electrode (SHE) and its absolute value relative to vacuum has been established [2, 7] . On the semiconductor side, the ionization potential and electron affinity fix the band edge positions relative to the vacuum. Taken together, a model of the energy level alignment emerges. What additional physical effects at the real interface alter this simple picture and how large are they?
In order to probe the impact of realistic semiconductorwater interface structure, a constructive theory for the energy level alignment is required. While distinct approaches have been explored [2, [8] [9] [10] , at a key point in the analysis Kohn-Sham energy eigenvalues from Density Functional Theory (DFT) are used to approximate electronic excitation energies. This is well known to fail formally and practically, e.g., the well-known band gap problem [11] . The GW approach in many-body perturbation theory offers a well-founded theory for excitation energies [12] [13] [14] . Recent applications of the GW approach to liquid water demonstrate substantial corrections for key electronic levels [15, 16] . For trends in electrochemical energy level alignment, based on the simplified model in Fig. 1a , recent studies have incorporated corrections from the GW approach [17] [18] [19] . The broadest survey considered the calculated band edges, the available photoemission data for the semiconductor surfaces, and electrochemical data [19] . The authors infer that semiconductor-water interface structure contributes about 0.5 eV to the alignment, albeit without explicit treatment of such structure.
Here we demonstrate a first-principles approach to calculate the electronic excitation energy level alignment at specific semiconductor-water interfaces (∆ V = E V − E 1b 1 , Fig. 1b) . To do so, we must integrate dynamical sampling of the physical and electronic structure of both water and the aqueous interface with the GW approach for the excitation energies.
Our approach builds on the established methodology used for semiconductor interfaces [1, [20] [21] [22] [23] . DFT is utilized for the microscopic charge distribution at the interface, responsible for the interface-specific intrinsic dipole, while the GW approach is used for the calculation of the excitation energies in the semiconductor and in the water. Three separate calculations are required: one each for the bulk materials and a third for the interface properties. The final energy level alignment combines the results from these three calculations as illustrated in Fig. 1c , where the suitably averaged electrostatic potential (V H ) or core potential is used for reference.
To represent the properties of the solid-liquid interface, ab initio molecular dynamics (MD) are used to simulate ambient conditions. Electronic properties are determined by averaging a sample of configurations to represent the thermal average and include the impact of finite temperature renormalization of the energy levels, albeit in a semiclassical approximation [9, 10] . Our theory provides the semiconductor valence band alignment to the centroid of the 1b 1 band in liquid water This result links to the electrochemical scales in water and the vacuum scale through the E 1b 1 .
We demonstrate our approach for the specific cases of GaN and ZnO (1010) interfaces with water, motivated by the utility of GaN/ZnO mixed crystals for photocatalysis with visible light [27] and the recent observation that the (1010) facet dominates the activity for GaN nanowires [28] . We have recently analyzed the atomic-scale structure at these aqueous semiconductor interfaces using DFT-based MD simulations, demonstrating the role of interface water dissociation [1] . The same technical protocol is used here [2] [3] [4] [5] [6] [7] [8] , including use of the projector augmented wave (PAW) method [2] as implemented in VASP [3, 4] , with the functional optB88-vdW [6, 7] that includes long-range van der Waals interactions. See the Supplemental Material for details [37] .
A snapshot of the equilibrated structure for the GaN case ( Fig. 2a) shows that water near the interface with GaN spontaneously dissociates resulting in a fully hydroxylated surface, in agreement with prior work [1, 38, 39] . All surface N sites are protonated while all surface Ga sites are bonded to the corresponding OH − ions. The average density of water, the characteristics of the hydrogen bonds, the valence band density of states (DOS, not shown) and the O-O pair distribution function (excluding the near-surface regions) are close to those calculated for bulk water ( Fig. 2b-d ) and experiment [26] . For the ZnO interface, the interface water layer is partially dissociated. Half of the adsorbed water molecules dissociate for a 4 × 2 interface cell, in agreement with earlier studies [1, 40, 41] . For a 3 × 2 cell, in-plane boundary conditions result in fluctuations in the fraction of water dissociated at the interface, including intervals where it is 67%, providing an-
Valence band density of states (DOS) of bulk water, relative to the vacuum level, calculated using DFT (top) and GW (bottom). Experimental PES spectra [6] shown (bottom) with intensity scaled to match theory near the 1b 1 peak.
other structure for study.
To extract the average potential step between the semiconducting region and the water region, the electrostatic potential profile is calculated for 50 snapshots sampled from a 5 ps window. These are averaged laterally to obtain the traces shown in Fig. 1c , followed by a running average and a time average. The resulting average electrostatic potential is flat both in the center of the semiconducting region and in the center of the water region; interface effects are localized. In practice, the PAW core potential, illustrated in Fig. 1c , provides an accurate, physically equivalent approach. It is readily available for every MD snapshot and averages are performed using all snapshots in the chosen time window. Comparison of averages over a series of shorter time windows (1-2 ps each), suggests an error bar of less than 0.1 eV due to sampling [37] .
For the electronic excitation energies, the GW calculations are done with a full-frequency, spectrum-only self consistent approach, as implemented in VASP [42, 43] . These specific choices in the method are based on previous results for the energy band alignment at the Si − SiO 2 interface where this level of GW self consistency gave calculated band offsets within 0.3 eV of measured values [23] . Convergence with respect to the number of empty states is achieved by a hyperbolic fit to a series of calculations and extrapolation [11, 37] For the case of water, electronic states of the 32-molecule cell are analyzed for a sample of 50 snapshots over a 5 ps period, using GW for a subset of 12 snapshots with the same energy gap distribution.
With this level of the theory, as expected [43] , the calculated bulk band gaps of GaN (4.00 eV) and ZnO (3.93 eV) are somewhat too large in comparison to experiment (3.44 and 3.3 eV, respectively) [45, 46] , all at room temperature [37] . Also, as noted above, the optimized GaN and ZnO lattice constants are about 1% smaller than the experimental values, which contributes a 0.2-0.3 eV increase to the band gap through the deformation potentials [45] . For bulk water, the calculated average band gap based on DFT is 4.35 eV while the present GW approach gives 9.53 eV, slightly larger than the experimental value of 8.7 ± 0.5 eV [47] . Our use of spectrum-only self consistency accounts for the increase relative to the recent G 0 W 0 result (8.1 eV [16] ). Furthermore, the binding energies of the occupied 3a 1 band and 1b 2 band relative to the 1b 1 band (see Fig. 3 ) are much more accurate in the present GW calculations (2.34 eV and 6.30 eV) than for the DFT energies (2.05 eV and 5.66 eV) in comparison to photoemission experiments (2.34 eV and 6.21 eV) [6] .
Next, we analyze the ingredients for the simple picture of Fig. 1a . From the MD simulation of a water slab [37] we find ∆ V H = −3.32 eV at the water-vacuum interface, in good agreement with earlier studies [16, [48] [49] [50] . Using this value, the calculated bulk DOS for water is aligned relative to the vacuum level and compared with the experimental PES [6] in Fig. 3 . The binding energies are underestimated in DFT while the GW corrected binding energies are in very good agreement with the experimental data, particularly the 1b 1 level (peak centroid) at −11.32 eV, compared to the measured value of −11.16 eV [6] . For the clean GaN and ZnO (1010) surfaces, including relaxation, the valence band edge with respect to vacuum is calculated to be −6.98 eV and −8.08 eV, respectively. We make direct comparison to photoemission experiments for the closely related ZnO(1120) surface, for which we calculated −8.14 eV, in good agreement, for an absolute energy, with the measured value, −7.82 eV [51] . See Ref. [19] for a broader survey. From these calibration examples for both ZnO and water, the highest occupied level is slightly too deep relative to vacuum, an error that partially cancels in the final theoretical results for the band alignment below. Overall, this suggests that errors in the band alignment at the aqueous interface will be similar to those found previously for the Si − SiO 2 interface with the same level of GW self consistency [23] .
The alignment of E V to the 1b 1 level in water according to the simplified scheme is shown in Fig. 4a (S II ) . The results for the ideal, unrelaxed semiconductor surfaces are also shown (S I ). Relaxation leads to rotation of the surface bond with outward (inward) displacement of the anion (cation) and an induced dipole at the surface pointing inwards (Fig. 4b) which lowers E V relative to vacuum. This is a much larger effect for ZnO due to its more ionic bond.
Next we show the results from the full calculation, including the structure of the semiconductor-water interface (Fig. 1b) . The calculated offsets (∆ V = E V − E 1b 1 ) are placed on the vacuum scale using the calculated value for the 1b 1 level from the water slab calculation (Fig. 4a, S IV ) . For GaN, the change from the simple model is substantial, with E V shifting to −7.63 eV. For ZnO, the degree of interface water dissociation is quantitatively important, with the final placement of E V being −8.06 eV and −8.29 eV for 50% and 67% dissociation, respectively. In contrast to the GaN case, the simple model for ZnO is surprisingly close to the overall result from the full calculation. Analysis of the induced surface dipoles shows opposing effects from the molecular and dissociative adsorption of water (Fig. 4c, d ). For GaN, lifting the surface reconstruction is dominated by dissociative adsorption of water which lowers E V . For ZnO, the effect of lifting the reconstruction is larger while the mixture of molecular and dissociative water adsorption compete, with the latter being more significant in the 67% dissociative case.
To obtain more insight into the role of interface structure motifs, we show results in Fig. 4a (S III ) for each semiconductor with a single monolayer of adsorbed water in vacuum, with the degree of dissociation found at the full interface. The structures are fully relaxed, representative of a surface experiment. The result for GaN, −7.42 eV, is rather close to the full calculation. This suggests that the additional dipole induced by interaction of the hydroxylated surface with liquid water is minimal. On the other hand, the results for the ZnO case (−7.79 and −7.94 eV) agrees somewhat less well with the full calculations. Interestingly, key interface cation-O and O-H bond orientations fluctuate much more in the ZnO case compared to the GaN case. Correspondingly, the impact of the dipole contribution from the liquid water interface to the hydroxylated surface is also larger, another interface structure specific result. However, our results do suggest that a wellchosen, hydroxylated surface may be a better choice for application of the simple picture in Fig. 1a for semiconductors that actively promote water dissociation.
Electrochemical experiments for GaN [52, 53] and for ZnO [54, 55] show acid-base activity at the semiconductorwater interface, with a clear rise of the measured band edge positions with solution pH (from 47 to 55 meV per pH unit, close to the ideal, Nernstian case of 59 meV). Therefore, an additional measurement must determine the pH at which the interface is neutral, assuring the equivalent of flat-band conditions on the water side of the junction. This has not been measured for GaN, but it is in the range of pH = 8 to 10 for ZnO [56, 57] . Taken together with the measured potential for the band edges [54, 55] , the data are tightly clustered and relatively independent of facet, covering a range of about 0.3 eV, centered on E V = −7.3 eV relative to vacuum. With reference to Fig. 4a , the value of E V from experiment is at higher energy than that predicted here for the ZnO (1010) interface with a partially dissociated water layer. It is also above the value from the simple picture of Fig. 1a , (experimental value, −7.82 eV). Considering the impact on the dipole of different species at the interface (Fig. 4) , this suggests that under realistic electrochemical conditions, another structural element with opposite dipole to the net effect seen here must be involved. Possibilities include alternative structures that result from etching of the ZnO or the role of adsorption of other ions from solution, both factors discussed in early literature [54, 56, 58] .
In summary, we demonstrate the integrated use of state-ofthe-art techniques for the first-principles treatment of energy level alignment at aqueous semiconductor interfaces. The initial, calibrated applications to GaN (1010) and ZnO (1010), which exhibit different degrees of both water dissociation and cation-O and O-H bond fluctuations at the interface, demonstrate the significant role of interface structure and dynamics. In the future, this approach will support improved microscopic understanding of chemical interactions and the impact of interface structure on the fundamental energy alignments across semiconductor-water interfaces. We have recently analyzed the atomic-scale structure at aqueous GaN and ZnO (1010) interfaces using DFT-based MD simulations, demonstrating the role of interface water dissociation [1] and establishing the technical protocol used here. DFT calculations are done using the projector augmented wave (PAW) method [2] as implemented in VASP [3, 4] . The semicore 3d levels for Ga and Zn are explicitly treated and the DFT+U method is employed with U Ga = 3.9 eV and U Zn = 6.0 eV for the 3d orbitals [5] . The Born-Oppenheimer MD simulations are performed using a Nose-Hoover thermostat and a Verlet integrator with a time step of 0.5 fs. The functional optB88-vdW [6, 7] , including long-range van der Waals interactions, together with a slightly elevated temperature (T = 350 K), gives an accurate O-O pair distribution function and diffusivity. Converged results require a plane-wave cutoff energy of 600 eV. All calculations are carried out at the optimized bulk lattice constants: For GaN, a = 3.154 Å and c = 5.141 Å and for ZnO, a = 3.208 Å and c = 5.162 Å. These agree with the experimental values to within 1.3 % [8] . MD simulations are run for 10 to 20 ps and analysis is performed for 5 ps thermalized windows.
The reference cell for bulk liquid water contains 32 molecules (9.86 Å 3 ). The GaN-water interface is simulated using a repeated supercell in which a 12 layer slab of (1010) oriented wurtzite-structure semiconductor with a 3 × 2 lateral cell alternates with a water filled region containing 81 water molecules. The statistical information in (Fig. 2b-d) is obtained using the geometrical criteria described in our earlier work [1] . Excluding 3 Å thick surface layers, the O-O pair distribution function, hydrogen bond network, and valence band DOS are close to those calculated for bulk water. The average density is slightly too large (1.08 g/cm 3 ). The 1b 1 band remained at the same energy relative to the core potential due to cancellation in deformation potentials. For the ZnO interface, the interface water layer is partially dissociated. Half of the adsorbed water molecules dissociate for a 4 × 2 interface cell simulated with 66 water molecules. For a 3 × 2 cell with 49 water molecules, in-plane boundary conditions result in fluctuations in the fraction of water dissociated at the interface, including intervals where it is 67%, providing another structure for study. Finally, the water-vacuum interface is modeled using a supercell of the same size as that used for the GaN-water interface simulation. In the supercell, an approximately 25 Å thick water layer containing 69 water molecules alternates with about 16 Å thick vacuum region..
Calculations sampling the electronic structure from the MD simulations naturally include the impact of finite temperature renormalization of the energy levels, albeit in a semiclassical approximation [9, 10] . Although it is a relatively small effect in the semiconductors at room temperature, for consistency with the treatment of liquid water, we include them. Specifically data from MD simulations for 12 layer, 3 × 2 bulk supercells of GaN and ZnO show a band gap renormalization of −0.16 and −0.13 eV respectively.
Electrostatic potential offset as a function of the simulation time As described in the main text, we employ the PAW core potential as a reference to calculate the interface potential offset (∆V int ) as a function of the MD simulation time. Specifically, the PAW core potentials are based on charge of radius (0.95, 1.03, 0.72) Å for (Zn, Ga, O). Here we show the trajectories for all the aqueous interfaces studied in this work, Figs. S1-S3, and provide further details of the supercells studied and the impact of the thickness of the water region. The potential offset for the FIG. S1. Electrostatic potential offset at the water-vacuum interface calculated using a water slab containing 69 water molecules for each snapshot from the MD simulation as a function of time. clean semiconductor surfaces and the semiconductor surfaces with 1 ML of water adsorbed were calculated from a single, static structure with the relaxation specified in the text.
The starting atomic configuration for the water-vacuum interface (Fig. S1 ) is obtained by removing the GaN slab and the adsorbed water molecules from a snapshot taken from the equilibrated portion of the MD trajectory of a cell containing 3 × 2 GaN slab and 81 water molecules. This provides a well equilibrated water layer although with different surface boundary conditions. The MD trajectory after 2 ps equilibration is used to calculate the electrostatic potential offsets by averaging all snapshots within 1.25 ps windows. In Fig. S1 the values (−3.30, −3.38, −3.38, −3.23 eV) depicted by the horizontal solid grey lines average to −3.32 eV (black dashed line) with the standard deviation of 0.072 eV (vertical error bar).
For the data from the GaN-water interface in Fig. S2 , the same averaging scheme as that in Fig. S1 is used. The MD simulation is started with a smaller cell containing 48 water molecules. The starting atomic configuration for a larger cell containing 81 water molecules is prepared by inserting a 33 water molecule slab at the ambient density in the middle of the water layer in an equilibrated snapshot of a smaller cell containing 48 water molecules.
In Fig. S2a , the values (−6.77, −6.83, −6.88, −6.89, −6.91, −6.90 eV) depicted by the horizontal solid grey lines average to -6.86 eV (black dashed line) with the standard deviation of 0.054 eV (vertical error bar). In Fig. S2b , the values (−6.90, −6.86, −6.98, −6.87 eV) depicted by the horizontal solid grey lines average to −6.90 eV (black dashed line) with the standard deviation of 0.054 eV (vertical error bar). Thus, the GaN-water electrostatic potential offset is well converged with respect to the thickness of the water layer.
For the data from the ZnO-water interface in Fig. S3 , the same averaging scheme as that in Fig. S1 is used except only the snapshots corresponding to the symmetric 50 or 67% water dissociation on both bottom and top interfaces are included. FIG . S3. Electrostatic potential offset at the ZnO-water interface calculated using a cell containing (a) 3 × 2 ZnO slab and 49 water molecules, (b) 3 × 2 ZnO slab and 82 water molecules, and (c) 4 × 2 ZnO slab and 66 water molecules. Calculations for each snapshot from the MD simulation shown as a function of time. The traces are color coded according to the degree of water dissociation on the top and bottom interfaces, noted in parentheses, e.g., (4, 3) indicates four dissociated water molecules at the bottom interface per unit cell and three at the top one. Blue corresponds to 50% dissociation on top and bottom, red to 67% dissociation top and bottom, and green to structures where the degree of dissociation is different between top and bottom resulting in electric fields within the water and semiconductor layers. Symmetric dissociation patterns are selected to avoid complications due to the residual electric fields in the semiconductor slab and the bulk water region. The MD simulation using 3 × 2 (4 × 2) interface cell is started with a cell containing 49 (66) water molecules. The starting atomic configuration for a larger 3 × 2 cell containing 82 water molecules is obtained using the same procedure as described in Fig. S2 .
In Comparing the 67% water dissociation in Fig. S3a and Fig. S3b , the ZnO-water electrostatic potential offset variation changes with respect to the thickness of the water layer by somewhat less than 0.15 eV. Evidently the details of the transient stabilization of this interface structure depend on nearby water or proximity to the other interface. Even though the interval of transient stabilization of 50% water dissociation in Fig. S3a is smaller, the electrostatic potential offset agrees quite well with that found in Fig. S3c , for the 4 × 2 interface structure. Without artificial constraints in the boundary conditions, the 50% structure is likely more stable.
Convergence of GW results
In the self-consistency, six cycles are sufficient for convergence to 0.05 eV. An energy cutoff of 150 eV is used for the response function calculations. We converged the GW results relative to the number of empty states included using several calculations with ca. 5 to 20 times the number of occupied states together with a hyperbolic fit to extrapolate to the infinite limit [11] . The hyperbolic function used is
where N is the total number bands and a, b, and N 0 are fitting parameters. The results are shown in Fig. S4 for GaN, ZnO, and one snapshot from the MD simulation of the water cell containing 32 water molecules. To obtain the GW density of states (DOS) of water shown in the bottom panel of Fig. 3 of the main text, we used the same hyperbolic fitting method to extrapolate all valence band states from 12 MD snapshots and averaged the results. Note that the convergence of the valence and conduction band edges separately is considerably slower compared to the band gap.
